Introduction
The hydrodynamic forces on a ship advancing in waves are greatly influenced not only by the oscillation frequency but also by the forward speed of the ship.
With this recognition, a large number of studies have been made on the effects of forward speed. To simplify the problem, almost all these studies employed various assumptions on the order of magnitude of frequency (wave number) and forward speed (Froude number) of a ship, in addition to the usual assumption of small amplitude of distubance in an inviscid fluid with irrotational motion. Nevertheless the problem is still not made clear and no satisfactory theory exists for predicting the forward-speed effects with quantitatively good accuracy.
Thus it seems that we have to seek a direct numerical solution of a fully 3-D problem by the aid of a super computer.
A 3-D source-distribution method was tried to obtain an "exact" linear solution by several workers, including Chang1), Inglis & Price2), and Kobayashi5 is not appropriate in the 2-D problem, since this contribution comes from the intersection "points" between the body and free surfaces.
However, to emphasize the correspondence to the 3-D problem, we use this term hereafter.) As proved in Ref.
3), the solution by this integral-equation method is also regular at the intersection points. That solution is thus expected to coincide with the solution by the method of multipole expansion. Numerical confirmation for this coincidence is performed in the present paper.
The validity of a linear solution is investigated on the basis of the principle of energy conservation; the damping coefficient by the pressure integration over the submerged portion of the body must be equal to the one obtained from the amplitude of outgoing waves at infinity, or equivalently from the Kochin function.
We confirmed in the previous work° that this energy-conservation principle is quite accurately satisfied in the case of a fully submerged body. For a surfacepiercing body with forward velocity, however, we show analytically and numerically in this paper that the energy relation of the same form as that for a fully submerged body can not be applied and that unless certain contributions from intersections are taken into account, the principle of energy conservation is not fulfilled.
We proceed further to the study on the effects of steady-state perturbations from the uniform stream in the free-surface condition. These effects are ignored even near the intersections in the classical linearized theory.
Analytical and numerical investigations are made to show that if the freesurface condi-Lion is modified to include the steady perturbations, no contributions arise from the intersections to the energy relation. Namely, the " modified" solution obtained satisfies the same energy relation as that in the fully submergedLaciy problem, and thus the damping coefficient can be evaluated only from the amplitude of radiating waves at infinity.
A numerical solution of the modified problem is obtained by a hybrid scheme, composed of integral-equation and mutipoleexpansion methods, which is regarded as an extension of Nestegard Sclavounos' methods) for the 
where
Eq. (2) denotes the steady-state velocity potential normalized by the uniform stream U. X(x, y) is the perturbation part due to the presence of a body. In (3), c j(x, y) denotes the spatial potential associated with the j-th mode of oscillatory motion of the body and ej is its amplitude, where j is the mode index, j=1 for surge, j=2 for heave. Since no disturbance is expected by the roll motion of a circular cylinder, the roll mode is not included in (3).
2. can be derived by setting the substantial derivative of the pressure to be zero, with the result ( 7 ) where g is the gravitational acceleration. A Taylor expansion about y=0 is applied in order to linearize (7) with respect to the unsteady potential.
After assuming the order of steady perturbation potential to be 0(U), we neglect the terms higher than 0(U3) and 0(e 2). When expanding (7) in such a manner, we exclude the contributions from the component of steady-state wave, though it is mathematically inconsistent. The reason for this exclusion will become clear subsequently through the discussion on the principle of energy conservation.
After some reductions the condition is given as follows: Eq. (8) means that the steady potential is subject to the "rigid-wall" condition, and thus the solution in an infinite fluid can he used.
Taking into account that this solution for the steady potential reduces to the uniform stream component far from the body, eq. (9) reduces to the well-known classical free surface condition: (11) In the present work, eq. (9) is referred to as the mocified free-surface condition as opposed to the classical condition given by (11). Zhao & Faltinsen10) proposed almost the same free-surface condition as (9), but as stated above, the contributions of steady-state wave are neglected in deriving (9).
2. 3 Other boundary conditions Another important condition to be imposed is the so-called radiation condition at infinity.
Since incorporated by introducing an artificial Rayleigh viscosity in (11).
The boundary-value problem is completed by the bottom condition, for which we require the fluid motion to vanish at y co because the fluid depth is assumed infinite. The second term on the right side of (12) represents the contribution from the intersections between the body and free surfaces and corresponds to the so-called line-integral term in the 3-D problem. The present study is of two dimensions, but for convenience we refer to the second term of (12) as the "line-integral" term. G (P ; Q) in (12) denotes the Green function, which satisfies the same boundary conditions as these to be fulfilled by the velocity potential except that on the body surface.
This Green function is given b:y-4) 
where Ail and Bid respectively the added-mass and damping coefficients associated with the force in the i-th direction due to the j-th mode of Journal of The Society of Naval Architects of Japan, Vol. 164 motion.
In deriving (25), Tuck's theorem7) has been used.
Justification of using Tuck's theorem in two dimensions is given in Appendix-2.
The damping coefficient can also be obtained by applying the principle of energy conservation ; the rate of work done to oscillate the body must be equal to the rate of energy flux of radiating waves at infinity.
In our previous work4) for the submerged-body problem, this principle was applied to get the result ( 
Numerical results for a classical solution
In Figs. 2-5, computed results are shown of the added-mass and damping coefficients for a halfimmersed circular cylinder of radius a, which are given in nondimensional form against the nondimensional wavenumber Ka. Fig. 2 and Fig. 3 show respectively the added-mass (A11) and damping (B11) coefficients of surge, and likewise Fig. 4 and The
The multipole-expansion method was confirmed to induce no anomalous fluctuations at least in the frequency range shown here.
Thus
The contributions to the rate of energy flux must be taken into account at intersections of the body with the free surface.
From expressed by the last term in (27). As shown in Appendix-3, if the modified free-surface condition (9) is used, a resulting " modified" solution gives no energy flux from the intersections, and in addition this solution is regular; these properties seem to be reasonable. In this section we describe a method of obtaining such a modified solution.
We start from the integral representation of the velocity potential, with the fundamental logarithmic singularity used as the Green function The integral on the right side of (29) is to be performed over the entire boundary surrounding the fluid domain, which consists of hull surface SH, free surface SF, and radiation surface SR, as shown in Fig. 6 . Eq. (29) is the same as that adopted by Zhao & Faltinsen"), who solved a similar problem without the terms of 0(U2). Unlike their scheme, we choose a circular boundary of radius R as the radiation surface, on which the velocity potential and its normal derivative are matched with the corresponding values by the method of multipole expansion derived in this paper. This makes it possible to impose the radiation condition and to diminish the calculation region.
Eq. (29) can be rewritten, with the field point Note that the right-hand side of (31) may be calculated explicitly from the body boundary condition.
To solve the above equation for 0, we need an expression ac/an in terms of on the radiation (SR) and free (SF) surfaces.
On SR, as stated above, we introduce the multipole expansion given by (20) and write this with the matrix notation in the form (32) where Noting that the normal is positive in the direction opposite to the radial coordinate r on SR, ac/an can be given with the same matrix of unknown coefficients a, as follows: Fig. 9 and Fig. 11 reveal that the satisfaction of energy relation by the modified solution is improved relative to the case of classical solution shown in Fig. 3 and Fig. 5 Fig.  12 for the downstream side and in Fig. 13 for the Comparing these results, we see that the effects not only of forward speed but also of steady perturbations are not necessarily small upon the distribution of the potential. The distribution on the upstream body surface, shown in Fig. 13 , indicates that the modified solution is uniformly greater than the zero-speed result.
Conversely on the downstream body surface, the modified solution is uniformly less than the zero-speed result.
Furthermore we notice that the magnitude of this difference is almost the same between the upstream and downstream sides. These results lead to that little effect of forward speed appears on the added-mass and damping coefficients calculated from the modified solution, because these values can be obtained from the velocity potential on the body surface as shown by (25).
Another important feature associated with the effect of steady perturbation flow is that the velocity potential satisfying the modified free-surface condition becomes large in amplitude on the upstream free surface (refer to Fig. 13 ).
Concluding remarks
By resticting our attention to the two-dimensional problem,
we investigated the validity of a linear solution for an oscillating and translating problem of a surface-piercing body. In the first half of the present paper, studies are made of a solution satisfying the linearized classical freesurface condition by applying the integral-equation and multipole-expansion methods.
In the second half, the hybrid method was developed to study a solution which satisfies the free-surface condition with the effects of steady perturbation flow included. From the present study the following results were obtained:
( 1 ) A classical solution by the method of integral equation
with the line-integral term is regular, giving the bounded fluid velocity at intersections between the body and free surfaces. This regular solution is in virtually perfect agreement with the solution by the method of multipole expansion, except near the irregular frequency.
( 2 ) For a surface-piercing body with forward speed, the second term of eq. (27) must be included in the formula of giving the damping coefficient. This additional term is associated with the rate of energy flux from intersections of the body with the free surface, and thus it becomes zero for the case of a fully submerged body; this is consistent with the result in the previous worken.
( 3 ) If the effects of steady perturbation flow are included in the free-surface condition, it is unnecessary to take account of the additional term at the intersections stated above.
( 4 ) The added-mass and damping coefficients are not much influenced by the forward speed and by the steady perturbation flow. However these effects are not necessarily small on the distribution of velocity potential on the body and free surfaces.
Further study is still required for the improvement of numerical accuracy of the hybrid method and for the extension to the fully 3-D problem. After substituting these relations into (A 6), we use the integration formula expressed in terms of the polar coordinates as follows where (A 14) Then the sum of (A 5) and (A 6) can be expressed as (A15) where f27,(r, 0) and g(r, 0) are the so-called. wave-free potentials, and their explicit expressions are given by (23) in the present paper.
Next, in the same manner, the term in brackets in (A 3) can be transformed to satisfy the freesurface condition.
It is relatively easy to confirm the following final result: (A 16) Replacing the terms in brackets in (A 2) and (A 3) by (A 15) and (A 16) respectively and redefining unknown constants, we can confirm that (A 1) is identical to (20) given in this paper.
Of course the result for the case of U=0 is recovered from (A 1) with ki=---k3=K0=00, k2=k4=K, and v=0. Similarly in the case of w=0, it can be confirmed that (A 1) reduces to the expression in the 2-D Neumann-Kelvin problem shown by Urse119). where the vector quantities V and m, defined earlier by (6), are given explicitly as (A 18) Eijk on the right side of (A 17) denotes the alternating tensor associated with the cross-product of the vectors.
Note that the following relations are fulfilled in the present problem: With these preliminaries, we prove (A 17) firstly for the case of j=1.
Let us consider (A21)
Performing partial integrations by means of (A 19), a and 3 defined above can be transformed as follows: If we consider the case of j=2 using similar transformations, it is not difficult to show that (A 25) Combining the results of (A 24) and (A 25), we can obtain the final result (A 17). The steady potential satisfies the "rigid-wall" condition on the free surface and the condition of zero normal velocity on the body surface. Further, a half-immersed circular cylinder intersects with the free surface at right angles.
Thus the intersections A and B are both stagnation points; that is, V1=0 and V2=0.
In this particular case, eq. (A 17) reduces to (A 26) This equation was used in deriving (25) in this paper.
Appendix-3 Principle of energy conservation
The rate of energy flux in two dimensions may be given by The calculation of the right-hand side of (A 33) can be performed by using the asymptotic expression of the potential at infinity. It is known that the final result after reduction takes the formo (A36)
The left-hand side of (A 33) is associated with the rate of work done by the body oscillation. However care is required in evaluating the secondorder contributions from this term.
In a linearized theory, the pressure integration is carried out over the time-averaged mean position of the body, namely over the body surface of y 0, for which we use the notation Ho. Therefore in a linearized theory the following relation may be found: (A 37) where A and B are used to abbreviate the intersections, as shown in Fig. A-1 , and thus the second term of the above is the contribution from these points to the rate of energy flux. The first term of the above is, as well known, associated with 
